Purpose: Respiratory-gated radiation therapy (RT) using the real-time tumor-tracking radiotherapy (RTRT) system is an effective technique for managing tumor motion. High dosimetric and geometric accuracy is needed; however, quality assurance (QA) for respiratory-gated RT using the RTRT system has not been reported. The purpose of this study was to perform QA for respiratorygated RT using the RTRT system. Materials and Methods: The RTRT system detected the position of the fiducial marker and radiation delivery gated to the motion of the marker was performed. The dynamic anthropomorphic thorax phantom was positioned at the isocenter using the fiducial marker in the phantom. The phantom was irradiated only when the fiducial marker was within a three-dimensional gating window of ±2 mm from the planned position. First, the absolute doses were measured using anionization chamber inserted in the phantom under the stationary, gating and non-gating state for sinusoidal (nadir-to-peak amplitude [A]: 20 -40 mm, breathing period [T]: 2 -4 s) and the basic respiratory patterns. Second, the dose profiles were measured using Gafchromic films in the phantom under the same conditions. Differences between dose profiles were calculated to evaluate the dosimetric and geometric accuracy. Finally, differences between the actual and measured position of the fiducial marker were calculated to evaluate the tracking accuracy for sinusoidal and basic respiratory patterns. We conducted QA for respiratory-gated RT using the RTRT system. The respiratory-gated RT using the RTRT system reduced the blurring effects on dose distribution with high dosimetric and geometric accuracy.
Introduction
In radiation therapy (RT), tumor motion during respiration results in significant geometric and dosimetric uncertainties in the dose delivery to the thorax and abdomen. Conventionally, large internal margins (IMs) are needed to fully cover the geometric changes that occur during free breathing; these large IMs may result in toxicity to healthy tissue. As techniques for managing respiratory-induced tumor movement, breath-holding, respiratory-gated RT, and four-dimensional techniques are effective in reducing the IM, resulting in a lower dose to the normal tissue and thus a lower risk of complications [1] - [6] .
The real-time tumor-tracking radiotherapy (RTRT) system (Mitsubishi Electronics Co., Ltd., Tokyo) consists of two sets of diagnostic X-ray TV systems that are mounted in the treatment room. Using X-ray tubes from two directions, the position of the fiducial marker displayed on the X-ray monitor is automatically extracted using a pattern recognition technique to calculate the coordinates. When the fiducial marker comes within several millimeters of the planned position, the beam is delivered [6] .
Several investigators have reported the quality assurance (QA) for respiratory-gated RT using an external signal [7] [8] . Our group has aimed to perform the respiratory-gated RT using the fiducial marker for lung cancer with high accuracy. Therefore, it is important to perform QA of the RTRT system.
The task group (TG) for the QA of medical accelerators was constituted by the American Association of Physicists in Medicine (AAPM) [9] . The QA of image-guided radiotherapy devices and medical accelerators has been reported. However, the QA of the RTRT system has not been reported. High dosimetric and geometric accuracy is needed for respiratory-gated RT using the RTRT system.
The purpose of this study was to perform QA for respiratory-gated RT using the RTRT system. First, the chamber measurements were performed using both gating and non-gating for moving the dynamic anthropomorphic thorax phantom with the RTRT system. Subsequently, the dose profiles were measured in the same matter using Gafchromic films. Finally, the differences between the actual and measured position of the fiducial marker were calculated to evaluate the tracking accuracy.
Materials and Methods

Computed Tomography Acquisition and Treatment Planning for the Phantom
For treatment planning, the dynamic anthropomorphic thorax phantom (CIRS. Inc., Norfolk, VA) that had ionization chamber or film inserts was scanned under the stationary condition with 3.0-mm thickness using a 4-slice computed tomography (CT) scanner (Asteion; Toshiba Medical Systems, Tokyo, Japan) (Figure 1) . The ionization chamber insert included a 3-cm soft-tissue-equivalent target. These inserts had several fiducial markers.
The treatment plan was designed using Pinnacle ver. 9.0. (Philips Radiation Oncology Systems, Fitchburg, WI). A single photon beam was set at a gantry angle 0 degree. Afield and multi-leaf collimator were fitted to the target. The photon beam energy was set to 6 MV and the prescribed dose was set to 200 cGy. The planned position of the fiducial marker was set on the CT images.
Respiratory-Gating Delivery and Experimental Setup
Measurements were performed on a MHCL-15DP linear accelerator (Mitsubishi Electronics Co., Ltd., Tokyo), which has a 120-leaf independently moving MLC with 5-mm leaf width at the isocenter of the 20-cm central field. The experimental setup is shown in Figure 2 . The RTRT system detected the position of the fiducialmarker and radiation delivery gated to the motion of the marker was performed. The dynamic anthropomorphic thorax phantom was positioned at the isocenter using the fiducial marker in the insert. The phantom was irradiated only when the fiducialmarker was within a three-dimensional gating window of ±2 mm from the planned position. The dynamic anthropomorphic thorax phantom was driven in the superior-inferior (SI) direction using sinusoidal (nadir-to-peak amplitude 
Chamber Measurement
The measurements were performed using a 0.015 cm 3 ionization chamber (PTW31016 pinpoint chamber; PTW, Freiburg GmbH Germany) inserted in the phantom under the following conditions: stationary, gating and nongating for the phantom driven as described above. Dose values were relative to the dose measured for a static 
Dose Profile Measurement
Gafchromic EBT3 films (International Specialty Products Corporation, Wayne, NJ) inserted in the phantom were irradiated under the same conditions as the chamber measurement. The irradiated films were scanned in the same orientation (ES-10000G, Seiko Epson Co., Nagano, Japan), with a resolution of 72 dpi in 48-bit color scale with 24-hour post-exposure. The films were analyzed using commercially available radiation dosimetry software (DD systemversion 10.12; R'Tech Inc., Tokyo, Japan). The dose distribution was normalized to the maximum dose using a calibration curve to reduce film uncertainty [11] .
The dose profiles perpendicular to the beam axis through the isocenter were measured. The differences between the 90% dose of the dose profile for non-gating/gating and stationary were calculated to evaluate the dosimetic and geometric accuracy [12] .
Tracking Accuracy
The positions of the fiducial marker in the phantom driven using sinusoidal and basic respiratory patterns were measured using the RTRT system and recorded as log files.
The differences between actual and measured positions of the fiducial marker were defined as the tracking error. The root mean square (RMS) values for the tracking error were calculated to evaluate the tracking accuracy.
Results
Chamber Measurement
The results of chamber measurements are shown in Table 1 . Dose values were relative to the dose measured for a static beam to a stationary phantom. Forsinusoidal patterns, the relative doses were 0.93 for non-gating and 0.99 for gating (A = 20 mm, T = 2 s), 0.94 for non-gating and 1.00 for gating (A = 20 mm, T = 4 s), 0.55 for non-gating and 1.00 for gating (A = 40 mm, T = 4 s), respectively. For the basic respiratory pattern, the relative doses were 1.00 for non-gating and 1.00 for gating, respectively. Figure 3 shows that an example of the Gafchromic film for the sinusoidal pattern (A = 40 mm, T = 4 s). The respiratory-gated RT using the RTRT system reduced the blurring effects on the dose distribution. Figures  4(a)-(d) show the dose profiles for stationary, non-gating and gating for sinusoidal and the basic respiratory Table 1 . Chamber measurement. The measurements were performed using a 0.015 cm 3 ionization chamber inserted in the phantom under the following conditions: stationary, gating and non-gating for the phantom driven as described above. Dose values are relative to dose measured for a static beam to a stationary phantom. patterns. Compared to the stationary conditions, the differences in lateral distance between the 90% dose of dose profiles were 6.23 mm for non-gating and 0.36 mm for gating (Figure 4(a) ), 8 .79 mm for non-gating and 1.73 mm for gating (Figure 4(b) ), 18.37 mm for non-gating and 0.67 mm for gating (Figure 4(c) ), respectively. For basic respiratory pattern, those were 5.23 mm for non-gating and 0.35 mm for gating (Figure 4(d) ). 
Dose Profile Measurement
Tracking Accuracy
Discussion
In this study, QA was performed to achieve the respiratory-gated RT using the RTRT system. We demonstrated that the respiratory-gated RT using the RTRT system was performed with high dosimetric and geometric accuracy. Keall et al. reported a QA procedure for quantifying both the dosimetric and geometric accuracy of respiratorygated intensity modulated radiotherapy (IMRT) [13] . Ionization chamber measurements were performed for the stationary, gating and free breathing with the lung IMRT phantom. The relative dose ranged from 0.99 to 1.03 for IMRT fields. Our study demonstrated similar results. When the amplitude was large for sinusoidal (A = 40 mm), the relative dose for gating was larger than that for non-gating. Respiratory-gated RT using the RTRT reduced the effect of large respiratory motion on dose delivery accuracy.
Dose profile measurement was performed using Gafchromic films. For sinusoidal and basic respiratory patterns, the differences in lateral distance between the 90% dose of dose profiles for gating were smaller than those for non-gating. The differences for gating were ≤1.8 mm. Saw et al. reported that differences in isodose levels between the measured and planned dose distribution should be within 3.0 mm in the high-dose region using respiratory-gated IMRT delivery [7] . The International Commission on Radiation Units and Measurement report 42 has recommended that the distance-to-agreement for the high dose region was ≤2.0 mm [14] . Our results were less than those values. Respiratory gated RT using the RTRT system reduced the blurring effect for respiratory motion with high accuracy.
In general, the respiratory gating system is used based on the external surrogate signal [15] - [17] . In external gating, the tumor position is derived using the external breathing signal. The external gating window corresponds to a segment of the external respiratory signal where we turn on the treatment beam. Therefore, the gating feedback mechanism must be able to detect the external surrogate signal. However, the RTRT system based on an internal surrogate signal is used routinely at our institution. According to AAPM TG76, it must be assumed that the tracking accuracy of the internal fiducial marker is more robust than the external signal [18] . Therefore, it is important to verify the tracking accuracy in the QA protocol. For the sinusoidal and basic respiratory pat-terns, the RMS values of tracking error were ≤1 mm, respectively. Shirato et al. reported that the tracking accuracy of the RTRT system was ≤1.5 mm for a moving target up to a speed of 40 mm/s [6] . Our study has demonstrated similar results.
A time delay in a respiratory gating system could cause unexpected phase mismatch for respiratory-gated RT; thus, geometric and dosimetric errors might occur [19] [20] . However, the time delay between recognition of the marker position and the start or stop of dose delivery was 0.03 s for respiratory-gated RT using the RTRT system [21] . Our QA results showed high dosimetric and geometric accuracy for respiratory-gated RT using the RTRT system. The delay time was clinically acceptable.
The current study was performed under regulated conditions. We verified the position of the moving target only in the SI direction. Given the small motion amplitude and regularity of respiratory patterns in the left-right directions and anterior-posterior directions, however, the dosimetric and geometric errors in directions other than the SI would be either equal to or smaller than those in the SI direction.
Conclusion
We suggested a QA procedure for respiratory-gated RT using the RTRT system and confirmed that this system substantially reduced motion-induced marginal blurring in dose distribution with high dosimetric and geometric accuracy.
